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$EVWUDFW²,PDJH-JXLGHG VXUJHU\ LV WRGD\ FRQVLGHUHG WR EH RI
VLJQLILFDQW LPSRUWDQFH LQ QHXURVXUJLFDO DSSOLFDWLRQV +RZHYHU
RQHRILWVPDMRUVKRUWFRPLQJVLVLWVUHOLDQFHRQSUHRSHUDWLYHLPDJH
GDWD ZKLFK GRHV QRW DFFRXQW IRU WKH EUDLQ GHIRUPDWLRQV DQG
GLVSODFHPHQWVWKDWRFFXUGXULQJVXUJHU\,QWKLVZRUNZHSURSRVH
WR WDFNOH WKLV LVVXH WKURXJK WKH LQFRUSRUDWLRQ RI DQ XOWUDVRXQG
GHYLFH ZLWKLQ WKH W\SH RI ELRSV\ QHHGOHV FRPPRQO\ XVHG DV DQ
LQWHUYHQWLRQDO WRRO WR SURYLGH LPPHGLDWH IHHGEDFN WR
QHXURVXUJHRQV GXULQJ VXUJLFDO SURFHGXUHV 7R LGHQWLI\ WKH PRVW
DSSURSULDWH SDWK WR DFFHVV D WDUJHWHG WLVVXH VLWH VLQJOH-HOHPHQW
WUDQVGXFHUV WKDW ORRN HLWKHU IRUZDUGV RU VLGHZD\V KDYH EHHQ
GHVLJQHG DQG IDEULFDWHG 0LFUR-PRXOGHG - SLH]RFRPSRVLWHV
ZHUHDGRSWHGDVWKHDFWLYHPDWHULDOVIRUIHDVLELOLW\WHVWVDQGHSR[\
OHQVHVKDYHEHHQDSSOLHGWRIRFXVWKHXOWUDVRXQGEHDP(OHFWULFDO
LPSHGDQFH DQDO\VLV SXOVH-HFKR WHVWLQJ DQG ZLUH SKDQWRP
VFDQQLQJKDYHEHHQFDUULHGRXWGHPRQVWUDWLQJ WKH IXQFWLRQDOLW\
RI WKH QHHGOH WUDQVGXFHUV DW a0+] 7KH FDSDELOLWLHV RI WKHVH
WUDQVGXFHUV IRU LQWUDRSHUDWLYH LPDJH JXLGDQFH ZHUH
GHPRQVWUDWHGE\LPDJLQJZLWKLQVRIW-HPEDOPHGFDGDYHULFKXPDQ
EUDLQDQGIUHVKSRUFLQHEUDLQ 
 
.H\ZRUGV²- FRPSRVLWH QHHGOH XOWUDVRXQG WUDQVGXFHU
QHXURVXUJHU\ 
I. INTRODUCTION 
0$*( JXLGDQFH LV URXWLQHO\ XVHG LQ QHXURVXUJHU\ IRU
LQWHUYHQWLRQ-UHODWHGSURFHGXUHVLQFOXGLQJVXUJLFDOSODQQLQJ
LQWUD-RSHUDWLYHQDYLJDWLRQDQGOHVLRQJHQHUDWLRQ,PDJH-JXLGHG
VXUJHU\XVXDOO\UHOLHVRQFRPSXWHGWRPRJUDSK\&7VFDQQLQJ
DQG PDJQHWLF UHVRQDQFH LPDJLQJ 05, WKDW DUH SHUIRUPHG
SUH-RSHUDWLYHO\DQGQRWQHFHVVDULO\RQWKHVDPHGD\DVVXUJHU\
> @ 7KH SUHRSHUDWLYH LPDJHV KRZHYHU PD\ EH LQDFFXUDWH
DQG XQUHOLDEOH DV RQFH WKH VNXOO LV RSHQHG DQG WKH GXUD
SURWHFWLQJ WKH EUDLQ WLVVXH LV LQFLVHG EUDLQ VKLIW DQG
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GHIRUPDWLRQ FDQ RFFXU LQ UHVSRQVH WR YDULRXV SKHQRPHQD
LQFOXGLQJUDLVHGLQWUDFUDQLDOSUHVVXUHFHUHEURVSLQDOIOXLGOHDN
KHDG-SRVLWLRQ DOWHUDWLRQ DQG WLVVXH UHPRYDO >@ 0D[LPXP
EUDLQVKLIWVRIPRUHWKDQPPKDYHEHHQUHSRUWHG>@,I
QRWFRUUHFWHGVXFKVLJQLILFDQWLQDFFXUDFLHVEHWZHHQDSUHGLFWHG
WDUJHWORFDWLRQDQGLWVDFWXDOSRVLWLRQFRXOGOHDGWRDIDLOXUHRI
WDUJHWDFFHVVUHVXOWLQJIRUH[DPSOHLQDIDOVHELRSV\UHDGLQJ
DQGFDXVHGDPDJHWRQRUPDOWLVVXH 
'LIIHUHQW VWUDWHJLHV KDYH EHHQ UHSRUWHG WR PHDVXUH DQG
FRUUHFWEUDLQVKLIWV9DULRXVELRPHFKDQLFDOPRGHOVKDYHEHHQ
GHYHORSHGIRUVXFKHVWLPDWLRQEXWVRIDUQRUHOLDEOHSUHGLFWLRQ
LV SRVVLEOH > @ $Q REMHFWLYH G\QDPLF HYDOXDWLRQ RI WKH
VSDWLDO SRVLWLRQ RI EUDLQ WLVVXH GXULQJ VXUJHU\ FDQ RQO\ EH
SURYLGHG E\ LQWUDRSHUDWLYH LPDJLQJ %RWK LQWUDRSHUDWLYH &7
DQG05,KDYHGHPRQVWUDWHG WKHLUXVHIXOQHVV LQQHXURVXUJLFDO
DSSOLFDWLRQV > @ EXW WKHVH V\VWHPV VXIIHU IURP LQWULQVLF
GLVDGYDQWDJHV LQFOXGLQJ LQWHUUXSWLRQ RI WKH ZRUNIORZ GXULQJ
WKH LQWHUYHQWLRQ GLIILFXOW SRVLWLRQLQJ RI WKH SDWLHQW OLPLWHG
DFFHVVIRUWKHVXUJHRQWRWKHRSHUDWLYHILHOGDQGKLJKFRVW 
,QFRPSDULVRQLQWUDRSHUDWLYHXOWUDVRXQG,R86KDVUHFHQWO\
DWWUDFWHG LQFUHDVLQJ LQWHUHVW QRW RQO\ EHFDXVH RI LWV ZLGHO\
DFNQRZOHGJHG VDIHW\ SRUWDELOLW\ DQG ORZ FRVW EXW DOVR DQG
PRUH LPSRUWDQWO\ LWV UHDO-WLPH YLVXDOLVDWLRQ FDSDELOLW\
+RZHYHU VLQFH H[LVWLQJ QHXURVXUJLFDO ,R86 V\VWHPV UHTXLUH
WKH XOWUDVRXQG SUREH WR EH SODFHG RXWVLGH RI WKH EUDLQ IRU
JXLGDQFH)XUWKHUPRUHPXOWLSOHSUREHVKDYHWREHXVHGWRVXLW
GLIIHUHQWLPDJLQJWDUJHWVLQWKHEUDLQ>-@ZLWKIUHTXHQFLHV
RI-0+]XVXDOO\HPSOR\HGIRUWKHLPDJLQJRIVKDOORZRU
VPDOOUHJLRQVDQG-0+]IRUGHHS-VHDWHGOHVLRQV>@7KH
LPDJLQJUHVROXWLRQZLWKWKHVHH[WHUQDOSUREHVLVFRPSURPLVHG
WRREWDLQWKHUHTXLUHGLPDJLQJGHSWKKLJKHUIUHTXHQF\SUREHV
ZLWK EHWWHU LPDJH UHVROXWLRQ ZRXOG UHVXOW LQ WRR VKDOORZ DQ
LPDJHWREHXVHIXOIRUJXLGLQJVXUJHU\ 
,QRUGHUWRRYHUFRPHWKHGUDZEDFNVRIFXUUHQW,R86V\VWHPV
ZHSURSRVHWKHLQWHJUDWLRQRIDVLQJOH-HOHPHQWWUDQVGXFHUDWWKH
WLS RI D ELRSV\ QHHGOH HQDEOLQJ QHXURVXUJHRQV WR YLVXDOLVH
WLVVXHWKURXJKDEXUUKROHLQWKHVNXOODWYHU\FORVHSUR[LPLW\
ZLWKKLJK-IUHTXHQF\KLJK-UHVROXWLRQWUDQVGXFHUV 
6LQFHWKHLGHDRIXOWUDVRXQGLQDFDWKHWHUZDVILUVWLQWURGXFHG
LQ>@DQXPEHURIDSSURDFKHVIRULQWHJUDWLQJXOWUDVRXQG
WUDQVGXFHUV DQG LQWHUYHQWLRQDO WRROV KDYH EHHQ SURSRVHG
>-@7KHPDMRULW\RIWKHUHSRUWHGPLQLDWXULVHGGHYLFHVKDYH
EHHQGHVLJQHGWREHXVHGDVXOWUDVRXQGELRPLFURVFRSHV8%0
 
 
'XDO2ULHQWDWLRQ0+]6LQJOH(OHPHQW8OWUDVRXQG
1HHGOH7UDQVGXFHUVIRU,PDJH-*XLGHG1HXURVXUJLFDO
,QWHUYHQWLRQ 
 
 
<XQ-LDQJ=KHQ4LX5DFKDHO0F3KLOOLSV&DUO0HJJV6\HG2VDPD0DKERRE+DQ:DQJ
5RE\Q'XQFDQ'DQLHO5RGULJXH]6DQPDUWLQ<H=KDQJ*LXVHSSH6FKLDYRQH5RRV(LVPD
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FRPPRQO\ IRU PHGLFDO DSSOLFDWLRQV LQ RSKWKDOPRORJ\ DQG
LQWUDYDVFXODU XOWUDVRXQG LPDJLQJ ,986 ZLWK KRXVLQJ
GLDPHWHUVLQWKHUDQJH-PPDQGWKHFHQWUDOIUHTXHQF\LQ
WKHUDQJH-0+]>-@0RVWRIWKHSURWRW\SHVDUHIODW
VLQJOHHOHPHQWWUDQVGXFHUVLQFOLQLFDOSUDFWLFHVVXFKDV,986
UDWKHU WKDQ PLQLDWXULVHG DUUD\V $OWKRXJK DUUD\ WUDQVGXFHUV
FRXOG SURYLGH PRUH LQIRUPDWLRQ WKH\ DUH PXFK PRUH
FRPSOLFDWHG DQG H[SHQVLYH DQG VXIIHU IURP YDULRXV
SHUIRUPDQFH LVVXHVGXH WR WKHLU VPDOOHOHPHQW VL]HDQGZHDN
VLJQDO WR QRLVH UDWLR ,Q WHUPV RI PDWHULDO VHOHFWLRQ
UHOD[RU-EDVHGVLQJOHFU\VWDOVVXFKDVOHDGPDJQHVLXPQLREDWH-
OHDG WLWDQDWH 301-37 DQG OHDG ]LQF QLREDWH - OHDG WLWDQDWH
3=1-37KDYHEHFRPHSRSXODUDVHOHFWURPHFKDQLFDOO\DFWLYH
PDWHULDOV EHFDXVH WKHLU H[FHSWLRQDO SLH]RHOHFWULF SURSHUWLHV
RIIHULPSURYHPHQWVLQVHQVLWLYLW\>-@+RZHYHULWLVPXFK
PRUHH[SHQVLYHDQGGLIILFXOW WR V\QWKHVLVHDQGPDFKLQHWKRVH
VLQJOH FU\VWDOV FRPSDUHG WR 3=7-EDVHG SLH]RFHUDPLFV DQG
FKDOOHQJHVVWLOOUHPDLQWRIDEULFDWHKLJKIUHTXHQF\!0+]
VLQJOH FU\VWDO FRPSRVLWHV 7KH FKRLFH RI FRPPHUFLDO
VLOYHU-ORDGHGHSR[\DV WKHEDFNLQJPDWHULDO LQ WKHSURWRW\SHV
WKDW KDYH EHHQ UHSRUWHG LV DOVR RSHQ WR LPSURYHPHQW ,WV
FRQGXFWLYHQDWXUHIDFLOLWDWHVHOHFWULFDOFRQQHFWLRQIURPWKHUHDU
RIWKHDFWLYHHOHPHQWKRZHYHULWVDFRXVWLFLPSHGDQFHa - 
05D\OLVQRWZHOOPDWFKHGZLWKWKDWRIVLQJOHFU\VWDOVZKLFK
PD\ DIIHFW WKH RYHUDOO SHUIRUPDQFH RI WKH WUDQVGXFHU ,Q
FRPSDULVRQ XVLQJ QRQ-FRQGXFWLYH WXQJVWHQ-ORDGHG HSR[\
DOORZVWKHDFRXVWLFLPSHGDQFHWREHWDLORUHGWRVXLWWKHGDPSLQJ
QHHGVRIWKHWUDQVGXFHUE\YDU\LQJWKHDPRXQWRIWXQJVWHQ>@ 
,QWKLVZRUNWZRVLQJOHHOHPHQWWUDQVGXFHUVZHUHSURSRVHG
WREHLQWHJUDWHGZLWKQHHGOHVRIPPLQQHUGLDPHWHURIIHULQJ
UHDO-WLPHIRUZDUGDQGVLGHYLHZLQJUHVSHFWLYHO\ WRDOORZWKH
QHXURVXUJHRQWRPDQRHXYUHVDIHO\RQWKHZD\WRWKHWDUJHWVLWH
RI LQWHUHVW 7KH LQQHU GLDPHWHU FRUUHVSRQGV ZLWK WKDW RI
FRPPHUFLDOO\ DYDLODEOH ELRSV\ QHHGOHV IUHTXHQWO\ XVHG LQ
QHXURVXUJLFDO SURFHGXUHV - SLH]RFRPSRVLWHV ZHUH XVHG DV
WKH DFWLYH PDWHULDO EHFDXVH RI WKHLU KLJKHU HOHFWURPHFKDQLFDO
FRXSOLQJDQGORZHUDFRXVWLFLPSHGDQFHWKDQVLQJOHFU\VWDOVDQG
3=7-EDVHGSLH]RFHUDPLFV>@7XQJVWHQ-ORDGHGHSR[\
YROWXQJVWHQZLWKDFRXVWLFSURSHUWLHVPDWFKHGZLWK WKH-
SLH]RFRPSRVLWHV>@ZDVFKRVHQDVWKHEDFNLQJPDWHULDO7KH
RSHUDWLQJFHQWUHIUHTXHQF\IRUWKHWUDQVGXFHUVZDVGHVLJQHGWR
EH  0+] DV WKLV ZDV FRQVLGHUHG WR EH VXIILFLHQW WR
GHPRQVWUDWH WKHDGYDQWDJHVRI WKHQHHGOH-EDVHGGHYLFHDQG LW
PDWFKHV WKH RSHUDWLQJ IUHTXHQF\ RI FRPPHUFLDOO\-DYDLODEOH
DUUD\ LQVWUXPHQWDWLRQ ZKLFK ZLOO SUREDEO\ EH XVHG IRU IXWXUH
JHQHUDWLRQV RI WUDQVGXFHU DUUD\V LQWHJUDWHG ZLWKLQ QHHGOHV $
UDQJHRIWHVWVZDVXVHGWRFKDUDFWHULVHWKHEDVLFIXQFWLRQDOLW\RI
WKH XOWUDVRXQG GHYLFHV DQG WKH FOLQLFDO IHDVLELOLW\ RI XVLQJ
QHHGOH WUDQVGXFHUV WR JXLGH DQG FRUUHFW WKH SDWK IRU
LQWUDRSHUDWLYHQHXURVXUJLFDOSURFHGXUHVZDVLQYHVWLJDWHGXVLQJ
VRIW-HPEDOPHGFDGDYHULFKXPDQEUDLQ >@DQG IUHVKSRUFLQH
EUDLQ 
 
II. FABRICATION METHODS  
$ -3LH]RFRPSRVLWHV 
)DEULFDWLRQ RI SLH]RFRPSRVLWHV ZDV EDVHG RQ YLVFRXV
SRO\PHUSURFHVVLQJ933ZKLFKLQYROYHVILYHPDLQVWDJHV
SURGXFWLRQ RI D SLH]RFHUDPLF SDVWH  HPERVVLQJ RI SLOODU
VWUXFWXUHVPRXOGUHPRYDOGU\LQJDQGVLQWHULQJILOOLQJ
WKH UHVXOWLQJ EULVWOH EORFN ZLWK WKH SRO\PHU SKDVH DQG 
ODSSLQJ RI WKH SLH]RFRPSRVLWHV WR WKLFNQHVV $ FRPPHUFLDO
3=7-+W\SHSRZGHU756&756&HUDPLFV86$ZLWKD
SULPDU\ SDUWLFOH VL]H RI  P ZDV XVHG DV WKH VWDUWLQJ
PDWHULDO 
'HWDLOHGSURFHVVLQIRUPDWLRQKDVEHHQUHSRUWHGSUHYLRXVO\LQ
>@DQG)LJDVKRZVDQRSWLFDOPLFURJUDSKRID933
FRPSRVLWH LQ ZKLFK F\OLQGULFDO SLOODUV ZLWK D GLDPHWHU RI
a PDQGDNHUIRIaPDUHDUUDQJHGKH[DJRQDOO\ 
 
D E 
Fig. 1.  D 7RS-YLHZRSWLFDO LPDJHRI D W\SLFDO 933FRPSRVLWH ZKHUH WKH
GDUNHU DUHDV DUH WKH SLOODUV DQG WKH OLJKWHU DUHD LV WKH SRO\PHU PDWUL[ E
,PSHGDQFHDQGSKDVHGLDJUDPVRIDPWKLFN933FRPSRVLWH 
7KH FRPSRVLWHV ZHUH FDUHIXOO\ ODSSHG WR D WKLFNQHVV RI
a P XVLQJ D 30 ODSSLQJ PDFKLQH /RJLWHFK *ODVJRZ
8. JLYLQJ UHVRQDQW DQG DQWL-UHVRQDQW IUHTXHQFLHV DURXQG
 0+]DQG0+]UHVSHFWLYHO\DVVKRZQLQ)LJEDQG
HIIHFWLYH FRXSOLQJ IDFWRUVNHII|  3ROLQJRI WKH FRPSRVLWHV
ZDVFDUULHGRXWLQDEHVSRNHFRURQDSROLQJMLJDW&IRU
PLQ ZLWK D YROWDJH RI  N9 EHIRUH GHSRVLWLQJ FKURPH-JROG
HOHFWURGHVXVLQJD3HOWLHU-FRROHGVSXWWHUFRDWHU(PLWHFK.
(PLWHFK /WG 8. 7KH FRPSRVLWHV ZHUH WKHQ ODVHU-FXW LQWR
GLVFV ZLWK D GLDPHWHU RI  PP UHDG\ IRU WUDQVGXFHU
IDEULFDWLRQ 7KH WUDQVGXFHUV LQFRUSRUDWLQJ WKH FRPSRVLWHV
IDFLQJ IRUZDUGV DQG VLGHZD\V DUH QDPHG )) DQG 6)
UHVSHFWLYHO\ 
 
% 6LQJOHHOHPHQWQHHGOHWUDQVGXFHUV 
&RQVLGHULQJ WKH SRVVLEOH XVH RI 05, LQ FRQMXQFWLRQ ZLWK
XOWUDVRXQG LPDJLQJ IRU QHXURVXUJLFDO SURFHGXUHV 05,
FRPSDWLELOLW\ RI WKH GHYLFH LV HVVHQWLDO 1RQ-PDJQHWLF EUDVV
WXEHV 6SHFLDOLW\ 0HWDOV 8. ZHUH XVHG DV FDVLQJV ZLWK
OHQJWKLQQHUGLDPHWHU,'DQGRXWHUGLDPHWHU2'RIPP
PPDQGPPUHVSHFWLYHO\7KHFDVLQJXVHGIRU6)KDGD
ORQJLWXGLQDORSHQLQJRIPPQHDUWKHWLS 
7KH GHWDLOHG IDEULFDWLRQ SURFHVVHV IRU ERWK WKH
IRUZDUG-IDFLQJ DQG VLGH-IDFLQJ QHHGOH WUDQVGXFHUV DUH VKRZQ
VFKHPDWLFDOO\LQ)LJDQGDVXPPDU\RIWKHGLPHQVLRQVDQG
NH\ SURSHUWLHV RI WKH WUDQVGXFHUV LV JLYHQ LQ 7DEOH  7KH
ORQJLWXGLQDOVRXQGYHORFLW\9ORIWKHFRPSRVLWHPDWHULDOZDV
  ? 
FDOFXODWHG IURP LWV PHDVXUHG DQWL-UHVRQDQW IUHTXHQF\ DQG
VDPSOH WKLFNQHVV 9O  RI WKH EDFNLQJ PDWHULDO ZDV PHDVXUHG
IURPSUHYLRXVZRUN>@DQG9ORIWKHOHQVZDVPHDVXUHGLQWKLV
ZRUN XVLQJ WKURXJK WUDQVPLVVLRQ FKDUDFWHULVDWLRQ WHFKQLTXH
>@ 
)RUWKHIRUZDUG-IDFLQJWUDQVGXFHUDQHQDPHOOHGFRSSHUZLUH
ZLWKDGLDPHWHURIPZDVFRQQHFWHGWRWKHEDFNHOHFWURGH
RIWKHDFWLYHPDWHULDOZLWKVLOYHUHSR[\56&RPSRQHQWV8.
WRDFWDVWKHVLJQDOFRQQHFWLRQ$FDVW-LQ-SODFHSURFHVVZDVWKHQ
XVHG IRU WKH WXQJVWHQ-ORDGHG HSR[\ EDFNLQJ $IWHU FXULQJ DW
URRP WHPSHUDWXUH WKH ZKROH DVVHPEO\ ZDV LQVHUWHG LQWR WKH
FDVHDQGDPLFUR-FRD[LDO0&;FRQQHFWRUZDVVROGHUHGRQWR
WKHZLUHDQGWKHQJOXHGLQWRWKHHQGRIWKHQHHGOH$IWHUWKHJDS
EHWZHHQWKHWUDQVGXFHUDQGWKHQHHGOHKDGEHHQFDUHIXOO\ILOOHG
ZLWK(SRIL[HSR[\6WUXHUV8.DJROGILOPZDVVSXWWHUHGRQ
WRWKHIURQWVXUIDFHRIWKHWUDQVGXFHUZLWKLQWKHQHHGOHWRPDNH
WKHJURXQGFRQQHFWLRQ 
)RU WKH VLGH-IDFLQJ WUDQVGXFHU D WXQJVWHQ-ORDGHG HSR[\
LQVHUWZDVIDEULFDWHGWRILWWKHODWHUDORSHQLQJRIWKHQHHGOH$
KROH RI a P GLDPHWHU ZDV GULOOHG WKURXJK WKH LQVHUW WR
SURYLGHDFFHVVIRUWKHVLJQDOZLUHWREHFRQQHFWHGWRWKHERWWRP
HOHFWURGH7KHSLH]RFRPSRVLWHZDVWKHQPRXQWHGRQWKHLQVHUW
EHIRUHILWWLQJWKHFRPSOHWHGDVVHPEO\LQWRWKHQHHGOH$VPDOO
DPRXQWRIWXQJVWHQ-ORDGHGHSR[\DURXQGWKHHGJHRIWKHDFWLYH
PDWHULDOSURYLGHGHOHFWULFDOLQVXODWLRQSULRUWRVSXWWHULQJJROG
RYHU WKH ZKROH DUHD RI WKH LQVHUW WR PDNH WKH JURXQG
FRQQHFWLRQ 
)LJ  VKRZV D SDLU RI DVVHPEOHG QHHGOH WUDQVGXFHUV RQH
RULHQWDWHGIRUZDUGVDQGRQHVLGHZD\V WRJHWKHUZLWKFORVH-XS
LPDJHVRIFRPSRVLWHVPRXQWHGLQWKHQHHGOHV,QWKHFORVH-XS
SLFWXUHV RI )) DQG 6) VRPH RI WKH H[WUD HSR[\ RU
WXQJVWHQ-ORDGHGHSR[\ZKLFKKDVEHHQDGGHGWRWKHHGJHVRI
WKHFRPSRVLWHVWRDYRLGHOHFWULFDOVKRUWLQJKDVLPSLQJHGRQWKH
H[SRVHG VXUIDFHV UHVXOWLQJ LQ VOLJKW GHYLDWLRQV IURP WKH
LQWHQGHG FLUFXODU VKDSHV WKRXJK ZLWK QHJOLJLEOH LQIOXHQFH RQ
WKHSURSHUWLHVRIWKHWUDQVGXFHUV 
 
 
 
Fig. 3. 3KRWRJUDSKVRIVLQJOH-HOHPHQWWUDQVGXFHUVLQQHHGOHV7KHWZRLQVHW
LPDJHVVKRZWKHIRZDUG-IDFLQJ))DQGVLGH-IDFLQJ6)WUDQVGXFHUV 
 
Fig. 2. )DEULFDWLRQ SURFHVVHV IRU ERWK D - H IRUZDUG-IDFLQJ DQG I - M VLGH-IDFLQJ QHHGOH WUDQVGXFHUV )RU WKH IRUZDUG-IDFLQJ WUDQVGXFHU D $
SLH]RFRPSRVLWHGLVFZDVPRXQWHGZLWKZD[RQDPPGLDPHWHUGULOOVKDIWIL[HGLQDEUDVVEDVHEWKHEUDVVIRUPHUZLWKWKHSLH]RFRPSRVLWHGLVFZDVVWXFNWR
RQHVLGHRIDPLQLYLFH$VLQJOHFRUHZLUHZLWKWKHHQGGLSSHGLQVLOYHU-ORDGHGHSR[\ZDVWDSHGGRZQWRWKHRWKHUHQG(OHFWULFDOFRQQHFWLRQZDVDFKLHYHGE\
FORVLQJWKHYLFHMDZVWREULQJWKHFRPSRVLWHIDFHWRZDUGVWKHHQGRIWKHZLUHFDIWHUFXULQJWKHEUDVVIRUPHUZLWKSLH]RFRPSRVLWHGLVFDQGZLUHZDVVOLGLQWRDVRIW
PRXOGIRUWKHFDVW-LQ-SODFHWXQJVWHQ-ORDGHGHSR[\EDFNLQJGWXQJVWHQ-ORDGHGHSR[\ZDVWKHQFXUHGDWURRPWHPSHUDWXUHEHIRUHWKHZKROHDVVHPEO\ZDVLQVHUWHG
LQWRDKRXVLQJH$IWHUVROGHULQJDQ0&;FRQQHFWRUWRWKHZLUHWKHIURQWIDFHRIWKHQHHGOHZDVVSXWWHUHGZLWKJROGIRUWKHJURXQGFRQQHFWLRQ)RUWKHIDEULFDWLRQ
RI WKH VLGH-IDFLQJ WUDQVGXFHU IPRXOGLQJRI D WXQJVWHQ-ORDGHG HSR[\EDFNLQJ LQVHUW ZDVSHUIRUPHGZLWK D VRIWPRXOGZKLFKZDV FDVW IURPDEUDVV IRUPHU
PDFKLQHGWRWKHUHTXLUHGVKDSHJDIWHUFXULQJWKHEDFNLQJLQVHUWZDVGHPRXOGHGDQGDQDFFHVVKROHZLWKDGLDPHWHURIaPPZDVGULOOHGLQWRWKHEDFNLQJWR
DFFRPPRGDWHDZLUHKDZLUHZDVIHGWKURXJKWKHKROHDQGIL[HGWRWKHLQVHUWZLWKVLOYHUHSR[\LDSLH]RFRPSRVLWHGLVFZDVDWWDFKHGWRWKHLQVHUWZLWKDVPDOO
DPRXQWRIVLOYHU-ORDGHGHSR[\MWKHZKROHDVVHPEO\ZDVLQVHUWHGLQWRDQHHGOH$VPDOODPRXQWRIWXQJVWHQ-ORDGHGHSR[\ZDVDGGHGDURXQGWKHHGJHRIWKH
SLH]RFRPSRVLWHGLVFWRSUHYHQWLWIURPVKRUWLQJEHIRUHJROG-VSXWWHULQJWKHIURQWIDFHRIWKHSLH]RFRPSRVLWHGLVFDQGWKHQHHGOHWRFUHDWHDJURXQGFRQQHFWLRQ 
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&/HQV 
&RQFDYHHSR[\OHQVHV6SHFLIL[-6WUXHUV/WG8.ZHUH
LQFOXGHG LQ WKH GHVLJQ WR IRFXV WKH XOWUDVRXQG EHDPV 7KH
GLDPHWHUDQGWKHUDGLXVRIFXUYDWXUHRI WKHOHQVZHUHPP
DQG  PP UHVSHFWLYHO\ 7KH WKLFNQHVV RI WKH OHQV DW WKH
FHQWUHZDVGHVLJQHGWREHDTXDUWHURIWKHZDYHOHQJWKLQHSR[\
PWRPLQLPLVHLQWHUQDOUHIOHFWLRQDQGWKHWKLFNQHVVRIWKH
OHQVDWWKHHGJHZDV P 
7KH DFRXVWLF ILHOG RI WKH QHHGOH WUDQVGXFHU ZLWK WKH OHQV
DWWDFKHG ZDV VLPXODWHG XVLQJ WKH ILQLWH HOHPHQW PRGHOOLQJ
VRIWZDUH3=)OH[:HLGOLQJHU$VVRFLDWHV,QF0RXQWDLQ9LHZ
&$86$)LJDVKRZVWKH'PRGHOEXLOWIRU))ZLWKWKH
SK\VLFDODQGIXQFWLRQDOSDUDPHWHUVRIHDFKFRPSRQHQWOLVWHGLQ
7DEOH  $EVRUELQJ ERXQGDU\ FRQGLWLRQV ZHUH DSSOLHG DW DOO
HGJHVRIWKHPRGHO7KHGULYLQJVLJQDOWRWKHWUDQVGXFHUZDVD
VLQJOHF\FOH9ROWSHDNWRSHDNYROWDJHVLQXVRLGDOZDYHDQG
WKHDFRXVWLFSUHVVXUHRXWSXWRIWKHWUDQVGXFHUZDVQRUPDOL]HG
E\ WKH HOHFWULFDO LQSXW RQ WKH FRPSRVLWH 7KH VLPXODWHG
XOWUDVRXQGEHDPSDWWHUQLVSUHVHQWHGLQ)LJZLWKUHVROXWLRQ
RI  QP LQ ERWK ODWHUDO DQG D[LDO GLUHFWLRQV $Q REYLRXV
IRFXVLQJ]RQHFDQEHVHHQDQG WKHPD[LPXPSUHVVXUHSRLQW
LHIRFDOSRLQWDSSHDUVPPLQIURQWRIWKHWUDQVGXFHU7KH
-G%FRQWRXURIIRFDODUHDLV PPLQWKHD[LDOGLUHFWLRQ
DQGPPLQODWHUDOGLUHFWLRQ 
7KHOHQVHVZHUHPRXOGHGXVLQJDVWHHOEDOOEHDULQJZLWKWKH
GHVLUHG FXUYDWXUH DQG D PHWDO ULQJ FXW IURP D EUDVV QHHGOH
KRXVLQJDQGODSSHGWRWKHUHTXLUHGHGJHWKLFNQHVVRIWKHOHQV
$IWHUEHLQJFKHFNHGIRUGHIHFWVZLWKDQRSWLFDOPLFURVFRSHWKH
IDEULFDWHGOHQVHVZHUHPRXQWHGRQWKHWUDQVGXFHUIDFHVXVLQJD
VPDOODPRXQWRIHSR[\)LJEVKRZVDQRSWLFDOLPDJHRIDQ
HSR[\OHQVZLWKDQDFFHSWDEO\VPDOOQXPEHURIDLUEXEEOHVIRUD
SURWRW\SHGHYLFH 
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Fig. 4. D6FKHPDWLFGUDZLQJRI))ZLWKOHQVDWWDFKHGERSWLFDOLPDJHRI
DQHSR[\OHQVIDEULFDWHGZLWKDGLDPHWHURIPP 
 
Fig. 5. 8OWUDVRXQGEHDPSDWWHUQVLPXODWHGXVLQJDILQLWHHOHPHQWPRGHORIWKH
IRZDUG-IDFLQJQHHGOHWUDQVGXFHU 
 
III. TRANSDUCER CHARACTERISATION 
A. ,PSHGDQFHDQDO\VLV 
7KH HOHFWULFDO LPSHGDQFH VSHFWUD RI WKH WZR DVVHPEOHG
QHHGOH WUDQVGXFHUV ZLWK OHQVHV DWWDFKHG ZHUH PHDVXUHG LQ
ZDWHU ZLWK D SUHFLVLRQ LPSHGDQFH DQDO\VHU $ $JLOHQW
7HFKQRORJLHV 8. /WG 8. DQG WKH UHVXOWV DUH SUHVHQWHG LQ
)LJ 7KHGDPSLQJ LQWURGXFHGE\ WKHEDFNLQJ OD\HUDQG WKH
OHQV LQ HDFK FDVH KDV VLJQLILFDQWO\ UHGXFHG WKH YDULDWLRQ LQ
LPSHGDQFH PDJQLWXGH DQG SKDVH DURXQG WKH UHVRQDQFHV LQ
FRPSDULVRQ WR WKDWRI WKHFRPSRVLWH VKRZQ LQ)LJE ,W LV
WKHUHIRUHGLIILFXOWWRLGHQWLI\WKHSUHFLVHUHVRQDQFHIUHTXHQFLHV
IURPWKHILJXUHVHVSHFLDOO\IRU))ZKLFKKDVDWKLFNHUEDFNLQJ
OD\HUDWWDFKHG+RZHYHULWLVFOHDUWKDWWKHUHVRQDQFHVRIERWK
WUDQVGXFHUVDUHLQWKHUDQJH ± 0+]7KHVPDOOHUIHDWXUHV
DZD\IURPWKHPDLQUHVRQDQFHSHDNVLQWKHUHVXOWIRU6)ZHUH
QRW REVHUYHG ZKLOH FKDUDFWHULVLQJ WKH SLH]RFRPSRVLWH GLVFV
SULRUWRDVVHPEO\7KH\DUHUHODWHGWRWKHSK\VLFDOOLPLWDWLRQRI
WKH WKLFNQHVVRI WKHEDFNLQJ WR OHVV WKDQPP LQ WKLVGHYLFH
EHFDXVHRIWKHVPDOOQHHGOHGLDPHWHULQFRQWUDVWWKHEDFNLQJLQ
WKHIRUZDUG-IDFLQJGHYLFHZDVDURXQGPPWKLFNUHVXOWLQJLQD
FOHDQHUDQGPRUHGDPSHGLPSHGDQFHFXUYH 
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Fig. 6. (OHFWULFDOLPSHGDQFHPDJQLWXGHDQGSKDVHGLDJUDPVRID))DQGE
6)PHDVXUHGLQZDWHU 
 
B. 3XOVH-HFKRWHVWV 
7KHSXOVH-HFKRUHVSRQVHVRIWKHWUDQVGXFHUVZHUHPHDVXUHG
XVLQJ D KLJK IUHTXHQF\ SXOVHU-UHFHLYHU '35  -65
8OWUDVRQLFV 3LWWVIRUG 1< 86$ 7KH SXOVHU HQHUJ\ ZDV
VHOHFWHG WR EH  - DQG SXOVH UHSHWLWLRQ IUHTXHQF\ 35)
ZDV  N+] 1R JDLQ ZDV DSSOLHG WR WKH UHFHLYHG VLJQDO 7KH
WUDQVGXFHUVZHUHSRVLWLRQHGLQDGHJDVVHGZDWHUEDWKDQGDIODW
DOXPLQLXPEORFNVXEPHUJHGLQZDWHUZDVSODFHGDWWKHDFWXDO
IRFDOSRLQWDVPHDVXUHGE\WKHPD[LPDOUHIOHFWHGVLJQDOWRDFW
DV D WDUJHW 7KH UHVXOWV ZHUH UHFRUGHG XVLQJ DQ RVFLOORVFRSH
0'27HNWURQL[2UHJRQ86$DQGDUHVKRZQLQ)LJ
$IWHUDSSO\LQJDIDVW)RXULHUWUDQVIRUP))7WRWKHVLJQDOWKH
FHQWUH IUHTXHQF\ DQG - G% SHUFHQWDJH EDQGZLGWK ZHUH
FDOFXODWHG DQG OLVWHG LQ 7DEOH  7KH DPSOLWXGH RI WKH HFKR
VLJQDOZDVUHFRUGHGWRGHWHUPLQHUHODWLYHVHQVLWLYLW\7KHSXOVH
OHQJWKZDVUHFRUGHGDVWKHOHQJWKRIWLPHEHWZHHQWKHILUVWDQG
ODVWSRLQWV-G%GRZQIURPWKHSHDNDPSOLWXGH6)VKRZHGD
QDUURZHUEDQGZLGWKDQGFRUUHVSRQGLQJORQJHUSXOVHWKDQ)) 
 
 D  E 
Fig. 7. 3XOVH-HFKRUHVSRQVHDQGVSHFWUXPRID))DQGE6) 
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)) 6) 
&HQWUHIUHTXHQF\0+]   
%:   
3XOVH/HQJWKȝV   
6HQVLWLYLW\P9   
,QVHUWLRQORVVG%DW0+] 
DIWHUFRPSHQVDWLRQ   
 
7KH WZR ZD\ LQVHUWLRQ ORVV RI HDFK GHYLFH ZDV PHDVXUHG
IROORZLQJ D PHWKRG GHVFULEHG HOVHZKHUH >@ 7KH PHDVXUHG
YDOXHVZHUHWKHQFRPSHQVDWHGIRUORVVEHFDXVHRIDWWHQXDWLRQLQ
WKH ZDWHU EDWK  [ - G%PP-0+] >@ DQG UHIOHFWLRQ
IURPWKHDOXPLQLXPWDUJHWUHIOHFWLRQFRHIILFLHQWIURPZDWHUWR
DOXPLQLXP7KHLQVHUWLRQORVVYDOXHVDUHKLJKHUWKDQWKH
ILJXUHV RI  -  G% UHSRUWHG IRU SLH]RFU\VWDO QHHGOH
WUDQVGXFHUV>@EXWDUHVWLOOFRPSDUDEOHZLWKWKRVHRI
VRPH-3=7FRPSRVLWHWUDQVGXFHUV>@))VXIIHUVDERXW
G%PRUHORVVWKDQ6)FRQVLVWHQWZLWKWKHLQGLFDWLRQRIKLJKHU
GDPSLQJ LOOXVWUDWHG LQ )LJ  ZKHUH WKH YDULDWLRQDURXQG WKH
UHVRQDQFHLVVPDOOHU7KHUHDUHVHYHUDOSRVVLEOHUHDVRQVIRUWKLV
UHODWHG WR WKH LQGLYLGXDO IDEULFDWLRQ SURFHVVHV RI ERWK WKH
SLH]RFRPSRVLWHVDQGWKHDQFLOODU\FRPSRQHQWV+RZHYHUHYHQ
ZLWK WKLV KLJKHU LQVHUWLRQ ORVV))KDV VXIILFLHQWSHUIRUPDQFH
IRUWKHIHDVLELOLW\VWXGLHVFDUULHGRXWLQWKLVZRUN 
 
C. :LUHSKDQWRPVFDQ 
7KH LPDJLQJ FDSDELOLWLHV RI WKH QHHGOH WUDQVGXFHUV ZHUH
VWXGLHG E\ VFDQQLQJ ZLUH SKDQWRPV 7KH WUDQVGXFHUV ZHUH
FRQQHFWHG WRD VFDQQLQJV\VWHPEXLOW LQ-KRXVH ZLWK VRIWZDUH
SURJUDPPHGZLWK/DE9,(:1DWLRQDO,QVWUXPHQWV1HZEXU\
8. %RWK )) DQG 6) ZHUH DWWDFKHG WR DQ DXWRPDWLF OLQHDU
VFDQQLQJ VWDJH ZLWK D 6+27- FRQWUROOHU 6LJPD .RNL
7RN\R -DSDQ DQG WKH UHIOHFWHG HFKRHV ZHUH FDSWXUHG DQG
VDYHGZLWKDQRVFLOORVFRSHODWHUEHLQJLPSRUWHGLQWR0$7/$%
7KH 0DWK:RUNV ,QF &DPEULGJH 8. IRU LPDJH DQDO\VLV
7ZRZLUHSKDQWRPVZHUHSUHSDUHG)RU )) WKHSKDQWRP KDG
HLJKWWXQJVWHQZLUHVPLQGLDPHWHUSRVLWLRQHGLQDEHVSRNH
KROGHUVR WKDW WKH\ZHUHVHSDUDWHGE\aPPDORQJ WKHD[LDO
DQGODWHUDOGLUHFWLRQV)RU6)DUDGLDOZLUHSKDQWRPZDVPDGH
ZLWKDKROGHUSURGXFHGE\UDSLGSURWRW\SLQJLQZKLFKVHYHUDO
Q\ORQ ILVKLQJ ZLUHV RI  PP GLDPHWHU ZHUH SRVLWLRQHG DW
YDULRXVUDGLDOGLVWDQFHV 
/LQHDU VFDQV ZHUH SHUIRUPHG ZLWK )) PRYLQJ LQ ODWHUDO
VWHSV RI  PP RYHU WKH WXQJVWHQ ZLUH SKDQWRP 7KH
WUDQVGXFHUZDVFDUHIXOO\SRVLWLRQHGVXFKWKDWWKHILUVWZLUHZDV
PPIURPWKHWUDQVGXFHUDQGWKHIRXUWKZLUHDERXWPP
DWWKHSUHGLFWHGIRFDOGLVWDQFH)RU6)WKHV\VWHPFRQILJXUDWLRQ
ZDV VLPLODU EXW WKH WUDQVGXFHU UHPDLQHG LQ D IL[HG FHQWUDO
SRVLWLRQ ZLWK WKH UDGLDO SKDQWRP PRXQWHG RQ D PRWRUL]HG
SUHFLVLRQ URWDWLRQ VWDJH 350= PRXQW ZLWK
7'& 7-&XEH '& 6HUYR 0RWRU &RQWUROOHU 7KRUODE 1HZ
-HUVH\86$DQGURWDWHGDURXQGLQGHJUHHVWHSV$OO
VFDQVZHUHFDUULHGRXWZLWKERWKWKHWUDQVGXFHUVDQGSKDQWRPV
VXEPHUJHG LQ ZDWHU DQG WKH LPDJHV DUH GLVSOD\HG ZLWK D
G\QDPLFUDQJHRIG% 
)LJVKRZVWKHOLQHDUDQGURWDWLRQDOLPDJHVREWDLQHGZLWK
)) DQG 6) UHVSHFWLYHO\ %RWK LPDJHV KDYH UHODWLYHO\ JRRG
UHVROXWLRQHVSHFLDOO\LQWKHD[LDOGLUHFWLRQ7KHOLQHDUVFDQQLQJ
LPDJHZDVXVHGWRHYDOXDWHWKHEHDPZLGWKDQGUHVROXWLRQRI
)))LJVKRZVWKHSRLQWVSUHDGIXQFWLRQQHDUWKHIRFDOSRLQW
H[WUDFWHGIURP)LJ D)RUWKLVSDUWLFXODUSORWWKHPD[LPXP
SUHVVXUHLVGHWHFWHGDWWLPHFRUUHVSRQGLQJWRPPIURPWKH
WUDQVGXFHU ,WV GLPHQVLRQV DW WKH - G% FRQWRXU DUH  PP
ODWHUDOO\DQG PPD[LDOO\FRUUHVSRQGLQJWRWKHODWHUDODQG
D[LDOUHVROXWLRQVRI))UHVSHFWLYHO\7RXQGHUVWDQGPRUHDERXW
WKH EHDP SDWWHUQ VLPLODU SORWV ZHUH SURGXFHG IRU WKH RWKHU
VHYHQUHIOHFWLQJWDUJHWVDQGWKHODWHUDOGLPHQVLRQV-G%GRZQ
IURPWKHSHDNDPSOLWXGHVDUHVKRZQLQ)LJDORQJZLWKWKH
FRUUHVSRQGLQJGDWDH[WUDFWHGIURPWKHVLPXODWHGILHOGSUHVHQWHG
LQ )LJ  IRU FRPSDULVRQ  ,W FDQ EH VHHQ WKDW WKHUH LV JRRG
DJUHHPHQWEHWZHHQWKHH[SHULPHQWDODQGVLPXODWHGUHVXOWV 
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D 
 E 
Fig. 8. %-VFDQLPDJHVRISKDQWRPVIURPD))DQGE6) 
 
Fig. 9. 3RLQWVSUHDGIXQFWLRQQHDUWKHIRFDOSRLQWRI))$[LDOVFDOHH[DJHUDWHG
UHODWLYHWRODWHUDOVFDOH 
 
Fig. 10. &RPSDULVRQRIPHDVXUHGDQGVLPXODWHGODWHUDOUHVROXWLRQVIRU)) 
D. 0-PRGHLPDJLQJRIVRIW-HPEDOPHGKXPDQFDGDYHULFEUDLQ 
$IWHU EDVLF FKDUDFWHULVDWLRQ IHDVLELOLW\ WHVWV H[SORULQJ WKH
YLDELOLW\RI FOLQLFDO SURFHGXUHV ZHUHGRQHE\ D QHXURVXUJHRQ
DXWKRU6207KHJXLGDQFHSRWHQWLDORIWKHQHHGOHVZDVWHVWHG
XVLQJWKHEUDLQRIDVRIW-HPEDOPHGKXPDQFDGDYHUGRQDWHGWR
WKH &HQWUH RI $QDWRP\ DQG +XPDQ ,GHQWLILFDWLRQ DW WKH
8QLYHUVLW\ RI 'XQGHH LQ DFFRUGDQFH ZLWK WKH +XPDQ 7LVVXH
6FRWODQG$FW$FDGDYHUVRIW-HPEDOPHGZLWKWKH7KLHO
SURFHVV ZDV VHOHFWHG IRU WKLV ZRUN EHFDXVHRI LWV DYDLODELOLW\
DQG OLIHOLNH IOH[LELOLW\ DQG WLVVXH TXDOLW\ FRPSDUHG WR
WUDGLWLRQDOO\ HPEDOPHG ULJLG FDGDYHUV > @ ZKLFK ZRXOG
KDYHEHHQXQVXLWDEOHIRUWKHZRUNUHSRUWHGKHUH7KHVSHFLILF
FDGDYHUVHOHFWHGKDGQRNQRZQPHGLFDOFRQGLWLRQVDIIHFWLQJWKH
EUDLQ DQG LW ZDV IRXU-ZHHN SRVW-HPEDOPLQJ ZKHQ WKH
H[SHULPHQWZDVFRQGXFWHG7KHFDGDYHUUHPDLQHGLQWDFWH[FHSW
IRUWKHEXUUKROHLQWKHVNXOOQRWHGEHORZ 
7KH H[SHULPHQWDO VHW-XS ZDV VLPLODU WR ZKDW KDV EHHQ
GHVFULEHG SUHYLRXVO\ IRU JHQHUDWLQJ %-PRGH LPDJHV H[FHSW
WKDW))DQG6)ZHUHPDQXDOO\ KHOGE\ WKHQHXURVXUJHRQDQG
LQVHUWHG LQWR WKHEUDLQ7KHPRYHPHQWRI WKH LPDJLQJQHHGOH
ZDVUHVWULFWHG WRVRPHH[WHQWE\ WKHHQWU\SDWK LQWR WKHEUDLQ
FUHDWHG GXULQJ LQVHUWLRQ 7KLV LQ WXUQ PDGH WKH FRPPRQO\
DGRSWHG %-PRGH VFDQV XQVXLWDEOH DQG LQVWHDG 0-PRGH
PRWLRQ PRGH VFDQV ZHUH XVHG LQ WKLV IHDVLELOLW\ VWXG\ WR
SURYLGHUHDO-WLPHJXLGDQFH 
$VLOOXVWUDWHGLQ)LJIRU))WKHQHHGOHZDVPDQLSXODWHG
DORQJWKHDFFHVVSDWKVXFKWKDWWKHGLVWDQFHEHWZHHQWKHQHHGOH
WLSDQGWKHWDUJHWZDVYDULHG6LPLODUO\6)ZDVLQVHUWHGLQWRWKH
WLVVXHDQGURWDWHGXQWLOWKHWDUJHWZDVLGHQWLILHG$VWKHQHHGOHV
ZHUHPDQRHXYUHGZLWKLQWKHWLVVXH$-VFDQGDWDZHUHFDSWXUHG
FRQWLQXRXVO\ ZLWK D UHFRUGLQJ UDWH RI  $-VFDQV SHU VHFRQG
DQG GLVSOD\HG DV DQ 0-PRGH LPDJH WR SURYLGH D UHDO WLPH
YLVXDOLVDWLRQRIWKHGLVWDQFHEHWZHHQWKHWDUJHWDQGWKHQHHGOH
WUDQVGXFHU 
 
 D  E 
Fig. 11. 'LDJUDPRI0-PRGHLPDJLQJH[SHULPHQWDOVHWXSDWDUJHWLQIURQWRI
))EWDUJHWDWVLGHRI6)DIWHU>@ 
$QLQLWLDO05,VFDQRIWKHFDGDYHULFEUDLQZDVSHUIRUPHGWR
DVVHVVLWVJHQHUDOVWDWHLQFOXGLQJLWVJURVVYROXPHJUH\ZKLWH
PDWWHU GLIIHUHQWLDWLRQ DQG VWDWH RI WKH YHQWULFOHV SULRU WR WKH
RSHQLQJRIWKHVNXOODQGSHQHWUDWLRQRIWKHQHHGOH$VSUHVHQWHG
LQ)LJDWKH05LPDJHVKRZVWKDWWKHVHOHFWHGFDGDYHUKDG
JRRG EUDLQ YROXPH DQG ZHOO-SUHVHUYHG DUFKLWHFWXUH DOORZLQJ
IRUDFOHDUGLIIHUHQWLDWLRQEHWZHHQJUH\DQGZKLWHPDWWHUSULRU
WRLQWHUYHQWLRQ7KLVDJUHHVZLWKWKHFKDUDFWHULVWLFVRIWKH05,
VFDQVRIVRIW-HPEDOPHGFDGDYHUVUHSRUWHGE\(OMDPHOHWDO>@
DQG*XHRUJXLHYDHW DO >@$IWHUSODFLQJ WKHFDGDYHU LQ WKH
VXSLQHSRVLWLRQDEXUUKROHaFPLQGLDPHWHUZDVFUHDWHGLQ
WKH VNXOO LQ WKH PLGSXSLOODU\ OLQH DERYH SXSLO  FP IURP
  ? 
PLGOLQHDQG FPLQIURQWRIWKHFRURQDOVXWXUH.RFNHU¶VSRLQW
DV WKH RSHQLQJ RI WKH LQWUDRSHUDWLYH SDWK IRU WKH QHHGOH
WUDQVGXFHUV 
0RGHOOLQJ FOD\ 3OD\-'RK ZDV FKRVHQ DV WKH WDUJHW
PDWHULDOWRSURYLGHDQDFRXVWLFDOO\FRQWUDVWLQJERXQGDU\ZLWKLQ
WKH EUDLQ )LJ  VKRZV WKH  -  PP GLDPHWHU WDUJHWV
SUHSDUHG IRU WKH H[SHULPHQW7KH WDUJHW ZDV LQVHUWHG WKURXJK
WKHEXUUKROH DQG VHDWHGGHHSO\ LQ WKHEUDLQ7KHQHHGOHZDV
LQVHUWHGLQWRWKHWLVVXHWKURXJKWKHVDPHEXUUKROHDVWKHWDUJHW
EXWDORQJDSDUDOOHOWUDFNIRUHDFKQHHGOHDQGQDYLJDWHGLQWRWKH
EUDLQWLVVXHXQWLODVLJQDOIURPWKHWDUJHWZDVLGHQWLILHGRQWKH
GLVSOD\0-PRGH LPDJHVZHUHDFTXLUHGZLWKERWK ))DQG6)
QHHGOHV 
 
 D 
 
 E 
Fig. 12. 7-ZHLJKWHG 05, RI FDGDYHULF EUDLQ VDJLWWDO YLHZ D SULRU WR
H[SHULPHQW DQG E SRVW LQWHUYHQWLRQ *UH\ PDWWHU DSSHDUV EULJKW DQG ZKLWH
PDWWHUGDUNLQWKHLPDJHV 
 
 
 
Fig. 13. ,PDJHRIPRGHOOLQJFOD\WDUJHWV 
)LJ D DQG E SUHVHQW WKH 0-PRGH LPDJHV JHQHUDWHG
ZKLOHLQVHUWLQJ))DQGURWDWLQJ6)UHVSHFWLYHO\7KHLPDJHVDUH
GLVSOD\HG ZLWK  G% G\QDPLF UDQJH 7KH EULJKW GRWV LQ WKH
ILJXUHVLQGLFDWHWKHWDUJHWSRVLWLRQ$VWKHQHHGOHZDVLQVHUWHG
LQWR WKH EUDLQ WKH GHSWK RI WKH WDUJHW VKRZQ LQ WKH 0-PRGH
LPDJHZDVUHGXFHGLQGLFDWLQJWKHQHHGOHWLSZDVDSSURDFKLQJ
WKHWDUJHW6LPLODUO\DVWKHQHHGOHZDVGUDZQEDFNWKHGHSWKRI
WKHWDUJHWZDVLQFUHDVHGPHDQLQJWKHGLVWDQFHIURPWKHQHHGOH
WLSWRWKHWDUJHWZDVLQFUHDVHG7KLVFRQILUPVWKHIHDVLELOLW\RI
XVLQJ D IRUZDUG-IDFLQJ XOWUDVRXQGQHHGOH WUDQVGXFHU WRJXLGH
DQG FRUUHFW WKH SDWK IRU LQWUDRSHUDWLYH VXUJLFDO SURFHGXUHV
:KHQ LPDJLQJ ZLWK 6) WKH WDUJHW FDQ EH GHWHFWHG LQLWLDOO\
EHIRUHLWGLVDSSHDUVDVWKHQHHGOHLVURWDWHGDQGDVDUHVXOWLVQR
ORQJHU LQ WKH ILHOGRI YLHZRI WKH WUDQVGXFHU 7KH WDUJHW WKHQ
UHDSSHDUVDVWKHQHHGOHLVURWDWHG 
 
D 
 E 
Fig. 14. 0-PRGHLPDJLQJUHVXOWVRIFDGDYHULFEUDLQWLVVXHZLWKPRGHOOLQJFOD\
WDUJHWDTXLUHGE\D))DQGE6)7KHGHSWKVRIWKHKLJKEULJKWQHVVUHJLRQVLQ
WKH JUH\-VFDOH LPDJHV GHPRQVWUDWH WKH UHODWLYH GLVWDQFHV EHWZHHQ WKH
WUDQVGXFHUVDQGWKHWDUJHW,OOXVWUDWLYHGLDJUDPVDERYHWKHLPDJHVGHPRQVWUDWH
WKHUHODWLYHSRVLWLRQVRIWKHQHHGOHVDQGWKHWDUJHW 
05, VFDQQLQJ ZDV UHSHDWHG IROORZLQJ WKH VXUJLFDO
H[SHULPHQWWRDVVHVVWKHORFDWLRQRIWKHWDUJHWDQGWRFRUUHODWH
WKLVZLWKWKHVLJQDOVDFTXLUHGE\WKHQHHGOHDVVKRZQLQ)LJ
E7KH WDUJHW FDQ EH VHHQ LQ WKH YHQWULFOH ZLWK WKH VNXOO
RSHQLQJFOHDUO\YLVLEOH6XEVWDQWLDOGDPDJHRIWKHEUDLQWLVVXH
VWUXFWXUH FDQEHREVHUYHG E\ FRPSDULQJ )LJ E ZLWK )LJ
D 7KHUH DUH VHYHUDO IDFWRUV WKDW PLJKW KDYH FDXVHG WKH
GDPDJH7KHEUDLQTXDOLW\PD\KDYHGHWHULRUDWHGLQWKHSURFHVV
SODFLQJ WKH UHODWLYHO\ ODUJH PRGHOOLQJ FOD\ WDUJHW RU WKH
UHSHDWHG LQVHUWLRQV RI WKH QHHGOHV GXULQJ WKH H[SHULPHQW ,Q
FOLQLFDOXVH WKHQXPEHURIQHHGOH LQVHUWLRQVSHUPLWWHGZRXOG
EHVWULFWO\PLQLPLVHGLQRUGHUWRNHHSWKHGDPDJHFDXVHGE\WKH
QHHGOHWRDPLQLPXP7KHGHWHULRUDWLRQRIWKHWLVVXHDWWKHVLWH
Burr hole 
Target 
  ? 
RIWKHH[SHULPHQWFDQDOVREHDWWULEXWHGWRWKHGHOLFDWHQDWXUHRI
WKH VRIW-HPEDOPHG EUDLQ >@ 7KLHO HPEDOPHG EUDLQV DUH
NQRZQWRORVHWKHLUVWUXFWXUDOLQWHJULW\ZKHQKDQGOHG$OWKRXJK
WKLV OLPLWV WKH UDQJH RI LQYDVLYH SURFHGXUHV WKDW FDQ EH
SHUIRUPHG 7KLHO VRIW-HPEDOPHG FDGDYHUV UHPDLQ D YDOXDEOH
UHVHDUFKDVVHWLQQHXURVXUJHU\FRQVLGHULQJWKHLUOLIH-OLNHTXDOLW\
DQGZHOO-SUHVHUYHGEUDLQDQDWRP\ 
 
E. 0-PRGHLPDJLQJRIIUHVKSRUFLQHEUDLQ 
$ IROORZXS H[SHULPHQW ZDVSHUIRUPHG ZLWK IUHVKSRUFLQH
EUDLQ WR IXUWKHU H[DPLQH WKH SHUIRUPDQFH RI WKH XOWUDVRXQG
LPDJLQJQHHGOHVZLWKIUHVKEUDLQWLVVXH)UHVKEUDLQWLVVXHKDV
WKHFRQVLVWHQF\FORVHVWWRWKDWRIOLYHDQLPDOV7KHUHIRUH WKLV
H[SHULPHQWDOSURFHGXUHFDQEHXVHGDVDIHDVLELOLW\VWXG\IRULQ
YLYRSURFHGXUHV$OOWKHLPDJLQJWHVWVZHUHSHUIRUPHGZLWKLQD
IHZPLQXWHVRIWKHGHDWKRIWKHSLJ 
)ROORZLQJWKHVDPHH[SHULPHQWDOSURFHGXUHGHVFULEHGLQWKH
SUHYLRXVVHFWLRQDQLQLWLDO05,VFDQZDVSHUIRUPHGSULRUWRWKH
RSHQLQJ RI WKH VNXOO 7KH FRURQDO YLHZ RI WKH 05, VFDQ LV
VKRZQLQ)LJD7ZREXUUKROHVLQVWHDGRIRQHZHUHWKHQ
FUHDWHG LQ WKH 3DULHWDO UHJLRQ RI WKH SRUFLQH VNXOO VR WKDW
LQVHUWLRQV RI WKH WDUJHW DQG WKH QHHGOH FRXOG EH PDGH YLD
GLIIHUHQW SDWKV DV VKRZQ LQ )LJ  $ PRGHOOLQJ FOD\ WDUJHW
DERXWPPLQGLDPHWHUZDVSUHSDUHGDQGLQVHUWHGFDUHIXOO\
LQWRWKHEUDLQIURPEXUUKROH-DQGOHIWLQSODFH7KHXOWUDVRXQG
LPDJLQJ QHHGOH ZDV LQVHUWHG IURP WKH DGMDFHQW EXUU KROH-
:DWHU-EDVHG XOWUDVRXQG FRXSOLQJ JHO +* +HQOH\V
0HGLFDO6XSSOLHV+HUWIRUGVKLUH8.ZDVGLVSHQVHG LQWR WKH
EXUUKROH-SULRUWRQHHGOHLQVHUWLRQWRILOOWKHSRVVLEOHDLUJDSV
EHWZHHQ WKH QHHGOH DQG WKH EUDLQ WLVVXH WKDW PD\ SRWHQWLDOO\
DIIHFWWKHLPDJLQJTXDOLW\ 
7KH 0-PRGH VFDQV ZHUH JHQHUDWHG ZLWK ERWK )) DQG 6)
QHHGOHV ZLWK $-VFDQVSHU VHFRQG DFTXLUHG RYHU  V 7KH
UHVXOWLQJLPDJHVDUHGLVSOD\HGLQ)LJZLWKDG\QDPLFUDQJH
RI  G% 6LPLODU WR WKH 0-PRGH LPDJLQJ LQ WKH HPEDOPHG
FDGDYHU EUDLQ WKH VFDQ ZLWK )) )LJ D LQGLFDWHV WKH
YDU\LQJ D[LDO GLVWDQFH EHWZHHQ WKH QHHGOH WLS DQG WKH WDUJHW
ZKLOH WKH VFDQ ZLWK 6) )LJ E LQGLFDWHV WKH ODWHUDO
RULHQWDWLRQRI WKH WDUJHW UHODWLYH WR WKHQHHGOHZLWK WKH WDUJHW
GHWHFWHGZKHQLQWKHILHOGRIYLHZRIWKHWUDQVGXFHU 
 
 D 
 E 
Fig. 15. 7-ZHLJKWHG05,RISRUFLQHEUDLQ LQFRURQDOYLHZ DSULRU WR WKH
H[SHULPHQW DQG E SRVW LPDJLQJ QHHGOH LQWHUYHQWLRQ 7KH ZDWHU-EDVHG
XOWUDVRXQGJHOILOOHGLQEXUUKROH-DSSHDUVEULJKWLQWKH05,XQGHUEXUUKROH- 
 
 
Fig. 16. 3KRWRJUDSKGHPRQVWUDWLQJWZREXUUKROHVRSHQHGRQWKHSRUFLQHVNXOO
IRUWDUJHWSODFHPHQWDQGLPDJLQJQHHGOHLQVHUWLRQUHVSHFWLYHO\7KHLQVHWSKRWR
VKRZVWKHGLPHQVLRQRIWKHPRGHOOLQJFOD\WDUJHW 
3RVW-LQWHUYHQWLRQ 05, ZDV SHUIRUPHG DQG LV SUHVHQWHG LQ
)LJ E 7ZR EXUU KROHV DUH FOHDUO\ YLVLEOH RQ WKH SRUFLQH
VNXOOLQWKH05LPDJH$QRWLFHDEOHLQVHUWLRQSDWKDSSHDUVLQ
WKH EUDLQ WLVVXH XQGHU EXUU KROH- ZLWK WKH PRGHOOLQJ FOD\
WDUJHWVKRZQLQWKHYHQWULFOH+RZHYHUWKH05LPDJHLQGLFDWHV
WKHUH LV QR VLJQLILFDQW GDPDJH WR WKH EUDLQ WLVVXH XQGHU EXUU
KROH- HYHQ DIWHU UHSHDWHG QHHGOH LQVHUWLRQV DQG LPDJLQJ
H[SHULPHQWV 
 
 D 
  ? 
 E 
Fig. 17. 0-PRGHLPDJLQJUHVXOWVRIIUHVKSRUFLQHEUDLQWLVVXHZLWKPRGHOOLQJ
FOD\ WDUJHW DTXLUHGE\ D )) DQG E 6) 7KH GHSWKV RI WKH KLJK EULJKWQHVV
UHJLRQV LQ WKH JUH\-VFDOH LPDJHV LQGLFDWH WKH UHODWLYH GLVWDQFHV EHWZHHQ WKH
WUDQVGXFHUVDQGWKHWDUJHW,OOXVWUDWLYHGLDJUDPVDERYHWKHLPDJHVGHPRQVWUDWH
WKHUHODWLYHSRVLWLRQVRIWKHQHHGOHVDQGWKHWDUJHW 
 
IV. DISCUSSIONS 
'LIIHUHQFHV LQ SHUIRUPDQFH EHWZHHQ WKH WZR WUDQVGXFHUV
ZLWK WKH VDPH FRQVWLWXHQW PDWHULDOV EXW GLIIHUHQW RULHQWDWLRQV
ZHUHQRWHGIURPWKHFKDUDFWHULVDWLRQUHVXOWV)LUVWO\6)KDVD
QDUURZHU EDQGZLGWK WKDQ )) 7KLV LV DWWULEXWHG WR WKH WKLQ
VHPL-F\OLQGULFDOEDFNLQJOD\HURI6)LPSRVHGE\WKHGLDPHWHU
RIWKHQHHGOH$SRVVLEOHVROXWLRQLVWRLQWURGXFHPRUHGDPSLQJ
E\ LQFUHDVLQJ WKH WXQJVWHQ YROXPH IUDFWLRQ LQ WKH EDFNLQJ
PDWHULDO ZLWK D UHVXOWLQJ FRPSURPLVH LQ WKH VHQVLWLYLW\ 7KLV
WUDGHRIIFDQEHRSWLPLVHG ZLWK IXUWKHU VLPXODWLRQ6HFRQGO\
)) VXIIHUV IURP KLJKHU LQVHUWLRQ ORVV DQG KHQFH ORZHU
VHQVLWLYLW\7KLVFRXOGEHSDUWLDOO\FDXVHGE\WKHGLIIHUHQFHLQ
WKHEDFNLQJOD\HUEXWRWKHUFRQWULEXWRU\IDFWRUVDUHOLNHO\WREH
LQYROYHGDV WKH LQVHUWLRQ ORVVYDOXHVIRUERWK WUDQVGXFHUVDUH
KLJKHUWKDQH[SHFWHG6RPHRIWKHIDEULFDWLRQVWHSVVXFKDVWKH
HOHFWULFDOFRQQHFWLRQWRWKHFRPSRVLWHDQGWKHDGGLWLRQRI WKH
OHQV DV ZHOO DV WKH FKDUDFWHULVDWLRQ FRQGLWLRQV VXFK DV WKH
OHQJWKRIWKHFDEOHVQHHGRSWLPLVHGWRKHOSLGHQWLI\WKHFDXVHV
DQGGHYHORSVROXWLRQV 
6LPLODU SHQHWUDWLRQ GHSWKV RI a- PP ZHUH IRXQG IRU
ERWKWUDQVGXFHUVGXULQJLPDJLQJ$OWKRXJKWKLVLVVKDOORZIRU
0+]WUDQVGXFHUVWKHLPDJLQJGHSWKLVOLPLWHGE\WKHIRFDO
GHSWKRIWKHWUDQVGXFHUVDERXWPPDQGWKHEHDPVSUHDGLV
WRREURDGWRLPDJHEH\RQGDERXWPPDVLOOXVWUDWHGLQ)LJ
7KHLPDJHSHQHWUDWLRQGHSWKFDQEHLPSURYHGE\LQFUHDVLQJWKH
IRFDO GHSWKRI WKH OHQV ZLWK FRUUHVSRQGLQJ LQFUHDVH LQEHDP
ZDLVW DQG E\ LPSURYLQJ WKH RYHUDOO VHQVLWLYLW\ RI WKH
WUDQVGXFHUVDQGV\VWHPDVGLVFXVVHGDERYH 
,QWKHVWXG\RIEUDLQWLVVXHLPDJLQJWKHLGHDOH[SHULPHQWDO
FRQILJXUDWLRQZRXOGEHWRLQVHUWDKXPDQWXPRXUWLVVXHLQWRD
FDGDYHUEUDLQ+RZHYHULPSOHPHQWLQJVXFKDSURFHGXUHZRXOG
UHTXLUH H[WHQVLYH SUHSDUDWLRQ DQG RSWLPLVDWLRQ IRU UHJXODWRU\
DQG HWKLFDO DSSURYDO $V FRPPRQO\ REVHUYHG LQ FOLQLFDO
SUDFWLFH EUDLQ WXPRXUV FDQ UHVHPEOH PDWHULDOV UDQJLQJ IURP
VWRQ\ KDUG WR VRIW FKHHVH LQ VWLIIQHVV PRGHOOLQJ FOD\ LV D
KLJKO\DFFHSWDEOHPDWHULDOWRPLPLFWXPRXUVLQWKLVFRQWH[W$
IXUWKHUUHDVRQWRXVHPRGHOOLQJFOD\LVWKDWLWLVFRPSDWLEOHZLWK
05,LWLVDOVRUHDGLO\DYDLODEOHDQGFDQEHPRXOGHGWRVL]HDQG
VKDSHDVUHTXLUHG 
5HDO-WLPH0-PRGHXOWUDVRXQG LPDJHV ZHUH DFTXLUHG ZLWK
VLQJOH-HOHPHQWWUDQVGXFHUVRQERWK))DQG6)QHHGOHVGXULQJ
QHHGOH LQVHUWLRQSURFHGXUHV LQERWK WKHFDGDYHULFEUDLQ WLVVXH
DQGIUHVKSRUFLQHEUDLQWLVVXH,WLVXVHIXOWRDGGUHVVKHUHWKDW
DIWHU WKH IHZ H[SHULPHQWV ZLWK 7KLHO KXPDQ EUDLQ DQG IUHVK
SRUFLQH EUDLQ WKH QHXURVXUJHRQ ZKR SHUIRUPHG WKH
LQWHUYHQWLRQ KDG JDLQHG VXIILFLHQW H[SHULHQFH DQG
XQGHUVWDQGLQJRIUHDO-WLPH0-PRGHLPDJHVWREHDEOHWRORFDWH
WKHWDUJHWPRUHHIIHFWLYHO\LQODWHUH[SHULPHQWV 
7KH LQWHUYHQWLRQ LQ WKH SRUFLQH EUDLQ GLG QRW VXEVWDQWLDOO\
GDPDJHWKHWLVVXHDVZDVREVHUYHGLQWKHHPEDOPHGFDGDYHULF
EUDLQ  ,W LV WKHUHIRUH UHDVRQDEOH WR VXVSHFW WKDW LQ WKH LQLWLDO
H[SHULPHQWVZLWKWKHFDGDYHULFEUDLQWKHVWUXFWXUHRIWKHWLVVXH
ZDVOLNHO\GDPDJHGGXULQJWDUJHWSODFHPHQWSULRUWRWKHQHHGOH
LQVHUWLRQV 7KH FDXVHV RI WKLV DUH ERWK WKH LQVHUWLRQ RI WKH
UHODWLYHO\ ODUJH WDUJHW DQG SRRU VWUXFWXUDO LQWHJULW\ WKH
HPEDOPHGEUDLQ WLVVXHZKHQKDQGOHG 7KHSUREOHPRI WLVVXH
GDPDJHZLWKLQWKHLPDJLQJUHJLRQZDVDYRLGHGLQWKHSRUFLQH
VSHFLPHQE\XVLQJVHSDUDWHEXUUKROHVIRUWDUJHWSODFHPHQWDQG
QHHGOHLQVHUWLRQ 
%DVHGRQWKHH[SHULHQFHIURPWKLVZRUNLQWHJUDWLRQRIWZR
VLQJOH-HOHPHQW WUDQVGXFHUV RIIHULQJ GLIIHUHQW RULHQWDWLRQV
ZLWKLQDQHHGOHVHHPVUHODWLYHO\VWUDLJKWIRUZDUG+RZHYHUIRU
RSWLPDO SHUIRUPDQFH VHYHUDO NH\ GHVLJQ IDFWRUV QHHG WR EH
WDNHQ LQWR DFFRXQW LQFOXGLQJ WKH GLVWDQFH EHWZHHQ WKH
WUDQVGXFHUV WKH GLPHQVLRQV DQG FRPSRVLWLRQ RI WKH EDFNLQJ
WKHHOHFWULFDOFRQQHFWLRQPHWKRGDQGWKHDVVHPEO\VHTXHQFH 
$OWKRXJKWKHFRQFHSWRIµXOWUDVRXQGLQDQHHGOH¶IRULPDJH
JXLGHGQHXURVXUJHU\KDVEHHQGHPRQVWUDWHG LQ WKLVZRUN WKH
LQIRUPDWLRQREWDLQHGE\WKHVLQJOH-HOHPHQWWUDQVGXFHUVLVVWLOO
OLPLWHGLQFRPSDULVRQWRDUUD\-EDVHGGHYLFHVRIIHULQJG\QDPLF
IRFXVLQJDQGODUJHULPDJLQJGHSWKV-HOHPHQWDQG-HOHPHQW
0+]OLQHDUDUUD\VFDQEHGHVLJQHGWRILWLQWKHVDPHQHHGOH
ORRNLQJ IRUZDUGV DQG VLGHZD\V UHVSHFWLYHO\ +RZHYHU DUUD\
QHHGOHWUDQVGXFHUVVXIIHUIURPDUDQJHRIIDEULFDWLRQFKDOOHQJHV
LQFOXGLQJ DUUD\ SDWWHUQLQJ DQG GHYLFH SDFNDJLQJ LQ VXFK D
FRQILQHGVSDFHDVZHOODVYDULRXVSHUIRUPDQFH LVVXHVFDXVHG
E\ VPDOO HOHPHQWV DQG ORQJ VLJQDO SDWKV $OVR WKH RSHUDWLQJ
SURFHGXUHV DQG WKH OHDUQLQJ SURFHVV IRU WKH QHXURVXUJHRQV
ZRXOGEH LQFUHDVLQJO\ FRPSOLFDWHG DQG WLPH-FRQVXPLQJ 7KH
VXFFHVVIXOWHVWVRIWKHVLQJOH-HOHPHQWWUDQVGXFHUVUHSRUWHGKHUH
VXJJHVW WKDW MXVW DV ZLWK ,986 WKH\ PD\ EDODQFH SULFH
YLDELOLW\SUDFWLFDOLW\DQGSHUIRUPDQFHVXIILFLHQWO\IRUVXUJLFDO
DGRSWLRQ 
 
V. CONCLUSIONS 
7ZR  0+] IRFXVHG VLQJOH HOHPHQW QHHGOH WUDQVGXFHUV
GHVLJQHG IRU LQWUDRSHUDWLYH LPDJH-JXLGHG QHXURVXUJHU\ KDYH
EHHQ FRQVWUXFWHG XVLQJ PLFUR-PRXOGHG - SLH]RFRPSRVLWHV
'LIIHUHQWWHFKQLTXHVZHUHGHYHORSHGIRUWKHIDEULFDWLRQRIWKH
WUDQVGXFHUV IDFLQJ IRUZDUGV DQG VLGHZD\V 7KH - G%
EDQGZLGWKVRI))DQG6)DUHDQGUHVSHFWLYHO\
DQGWKHLQVHUWLRQORVVHVDUHG%DQGG%7KH0-PRGH
LPDJHV DFTXLUHG IURP WKH WZR FOLQLFDO IHDVLELOLW\ VWXGLHV
LQGLFDWH WKH VLJQLILFDQW SRWHQWLDO RI WKH XOWUDVRXQG QHHGOH
  ? ? 
GHYLFHV WR LGHQWLI\ WDUJHWV ZLWKLQ EUDLQ WLVVXH LQ D PLQLPDOO\
LQYDVLYHSURFHGXUH 
7KHEDVLFSURFHGXUHRXWOLQHG LQ WKHQHXURLPDJLQJRIERWK
7KLHO FDGDYHULF KXPDQ EUDLQ DQG IUHVK SRUFLQH EUDLQ FDQ EH
OLNHQHG WR WKH SUDFWLFH RI JXLGLQJ D ELRSV\ QHHGOH WRZDUGV D
WXPRXUSRVLWLRQ)RUZDUG-IDFLQJXOWUDVRXQGWUDQVGXFHUVFDQEH
XVHG WR JXLGH D ELRSV\ QHHGOH VDIHO\ LQWR WLVVXH DYRLGLQJ
FULWLFDOVWUXFWXUHVVXFKDVEORRGYHVVHOVLQWKHEUDLQ2QFHWKH
QHHGOHLVSRVLWLRQHGDFFXUDWHO\DWWKHWLVVXHUHJLRQRILQWHUHVW
WKHVLGHZD\V-YLHZLQJXOWUDVRXQGWUDQVGXFHUFDQRIIHUDFFXUDWH
WLVVXHGLDJQRVWLFVDQGWDUJHWLQJ 
,Q IXWXUH ZRUN D QHHGOH LQFRUSRUDWLQJ GXDO-RULHQWDWLRQ
VLQJOH HOHPHQW WUDQVGXFHUV ZLOO EH DVVHPEOHG 7KLV PD\ EH
IROORZHGE\WKHGHYHORSPHQWRIDGXDO-RULHQWDWLRQDUUD\QHHGOH
ZLWK-HOHPHQWDQG-HOHPHQWOLQHDUDUUD\VWRORRNIRUZDUGV
DQGVLGHZD\VUHVSHFWLYHO\,QWKHPHDQWLPHPDQ\IHDWXUHVRI
QHHGOHWUDQVGXFHUVFDQEHLPSURYHGWRIXUWKHUH[SORUHVLPLODU
DSSOLFDWLRQV DQG WKH HIIHFWLYH JXLGDQFH RI QHHGOHV LQ
QHXURVXUJHU\SOD\LQJDFUXFLDOUROHLQQHHGOH-EDVHGSURFHGXUHV
VXFK DV (9' H[WHUQDO YHQWULFXODU GUDLQ 93
YHQWULFXORSHULWRQHDOVKXQWOXPEDUGUDLQGHHSEUDLQHOHFWURGH
LQVHUWLRQDQGELRSV\RIYDULRXVOHVLRQV 
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